ATM is a member of the large phosphatidylinositol-3 kinase family and plays an important role in cellular response to DNA damage. To further de®ne the physiological roles of ATM at the cellular level, we created an isogenic set of stable cell lines diering only in their ATM status from the chicken B cell line DT40 by targeted integration. These stable DT40 cell lines, as most of transformed chicken cell lines, do not express p53. However, ATM 7/7 DT40 cells displayed retarded cellular proliferation, defective G 2 /M checkpoint control and radio-resistant DNA synthesis. Furthermore, ATM 7/7 DT40 cells were sensitive to ionizing radiation and showed highly elevated frequencies of both spontaneous and radiation-induced chromosomal aberrations. In addition, a slight but signi®cant reduction in targeted integration frequency was observed in ATM 7/7 DT40 cells. These results suggest that ATM has multiple p53-independent functions in cell cycle checkpoint control and in maintenance of chromosomal DNA. These ATM de®cient DT40 clones therefore provide a useful model system for analysing p53-independent ATM functions.
Introduction
Ataxia telangiectasia (A-T) is an autosomal recessive human disease characterized by various multi-organ clinical manifestations, including progressive cerebellar ataxia, oculocutaneous telangiectasias, growth retardation, cellular and humoral immunode®ciency, increased predisposition to lymphoma and leukemia, gonadal abnormalities, and hypersensitivity to ionizing radiation (Gatti et al., 1991) . At the cellular level, cells derived from A-T patients are characterized by a high degree of chromosomal instability, shortened telomeres, and hypersensitivity to ionizing radiation (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . Furthermore, A-T cells are defective in the radiationinduced G 1 (Kastan et al., 1992) , S (Painter and Young, 1980) , and G 2 /M (Paules et al., 1995) cell cycle checkpoint control.
The locus for A-T was mapped to chromosome 11q22 ± 23 (Gatti et al., 1988) and the responsible gene (designated ATM, for A-T mutated) was identi®ed by positional cloning (Savitsky et al., 1995a) . The ATM gene is approximately 150 kb in length and encodes a 13 kb mRNA transcript that is expressed in a wide variety of tissues. The open reading frame of the ATM transcript encodes a protein with a predicted mass of &350 kDa (Savitsky et al., 1995b; Uziel et al., 1996) . Sequence comparison indicate that ATM is a member of a family of large proteins with phosphatidylinositol (PI)-3 kinase domain at their extreme C-termini (Savitsky et al., 1995a) . The members of this family includes TEL1, MEC1, TOR1 and TOR2 of the budding yeast Saccharomyces cerevisiae, RAD3 of the ®ssion yeast Schizosaccharomyces pombe, and human ATR/FRP1, DNA-PK cs and FRAP. The sequence homologies observed in this family appear to re¯ect functional homology because many of these PI-3 kinase related large proteins are, like the ATM gene product, involved in DNA repair, cell cycle control and chromosomal recombination (Keith and Schreiber, 1995; Lehmann and Carr, 1995; Zakian, 1995) .
There have been some disagreements in the literature about various defects reported for ATM de®cient cells derived from patients (reviewed in Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) , probably as a consequence of the genetic heterogeneity inherent in human studies. While the results of recent ATM-knockout mouse studies provide a more clear picture of various defects in ATM de®cient cells (Barlow et al., 1996; Xu and Baltimore, 1996; Elson et al., 1996) , detailed biochemical and more quantitative analysis using an isogenic set of stable cell lines diering only in their ATM status is important to further de®ne the physiological functions of ATM at the cellular level. For this purpose, we disrupted the Atm locus in a chicken B lymphocyte DT40 line which exhibits highly ecient targeted integration following the transfection of genomic DNA constructs (Buerstedde and Takeda, 1991) . As most of transformed chicken cell lines (Ulrich et al., 1992) , DT40 cells do not express p53 which is one of most important ATM targets (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) involved in cell cycle checkpoint control, apoptosis and DNA repair (Ko and Prives, 1996) . However, the ATM de®cient DT40 clones created display multiple functional defects including defective cell cycle checkpoint control and DNA repair mechanisms.
Results

Targeted disruption of ATM in DT40 cells
To begin targeted disruption of the ATM gene, we ®rst isolated a cDNA fragment encoding a chicken ATM homologue. The predicted amino acid sequence of the chicken ATM kinase domain (the DDBJ/EMBL/ GenBank accession number is AB026548) shows 88% homology with that of the human protein. Southern blot analysis of chicken genomic DNA showed a single band hybridizing to a chicken ATM cDNA probe (data not shown), con®rming a single ATM gene in the chicken genome. This chicken ATM cDNA probe was used to isolate genomic clones of the Atm locus. About 9 kb of chicken Atm locus was then ampli®ed by longrange PCR. The targeting vectors, pATM-neo and pATM-puro, were designed to disrupt conserved sequence in the ATM kinase domain (Figure 1a ) in a manner similar to the disruption strategies used for the generation of ATM-de®cient mice (Barlow et al., 1996; Xu and Baltimore, 1996; Elson et al., 1996) . The pATM-neo vector was transfected into wild-type DT40 cells and drug-resistant clones were examined by Southern blot analysis to identify ATM +/7 clones. One of the ATM +/7 clones was then transfected with the pATM-puro vector to isolate ATM +/7 clones. Successful targeted integration was veri®ed by the appearance of a diagnostic mutant band in Southern blot analysis of BamHI-digested genomic DNA ( Figure   Figure 1 Targeted disruption of the ATM gene in a chicken DT40 cell line. (a) Schematic representation of part of the chicken Atm locus, and con®guration of targeted loci. Solid boxes indicate the positions of exons that were disrupted. (b) Southern blot analysis of genomic DNA from wild-type (+/+), heterozygous ATM mutant (+/7), and homozygous ATM mutant (7/7) clones. BamHI-digested genomic DNA was hybridized with the probe shown in (a). (c) RT ± PCR analysis of ATM mRNA expression in wild-type and ATM 7/7 clones. cDNAs synthesized from RNA derived from wild-type and ATM 7/7 cells were ampli®ed by PCR with chicken ATM primers: the position of ATM primers are shown in (a) 1b). The disruption of the ATM gene was con®rmed by RT ± PCR: no sequence was ampli®ed with primers directed against the kinase domain in ATM 7/7 DT40 cells (Figure 1c) , indicating that the expression of the ATM kinase domain was disrupted as expected.
ATM disruption in p53-null DT40 cells results in retarded proliferation and increased spontaneous chromosomal breakage
We studied the growth properties of wild-type and ATM 7/7 DT40 clones. As shown in Figure 2 , ATM 7/7 DT40 cells proliferated slightly more slowly than wildtype cells. This impaired proliferation of ATM de®cient cells has been shown to be p53 dependent, since cells derived from ATM/p53 double knockout mice grow more rapidly than ATM 7/7 cells (Westphal et al., 1997; Xu et al., 1998) . However, as most of chicken transformed cell lines (Ulrich et al., 1992) , DT40 cells did not express p53 (Figure 3 ). This is also consistent with the results of¯uorescence-activated cell sorting (FACS) analysis of wild-type cell cycles: wild-type DT40 cells accumulated in the G 2 /M phase but not in the G 1 phase following g-irradiation (Figure 4 ). These results therefore indicate that this slight proliferation impairment of ATM 7/7 DT40 cells is p53-independent. FACS analysis with annexinV staining demonstrated a slight elevation of the number of apoptic cells in the ATM de®cient culture (data not shown), so that spontaneous cell death during the cell cycle accounts for slower proliferation of ATM 7/7 cells. To investigate the cause of cell death, we examined and scored spontaneous chromosomal aberrations in the 11 autosomal macrochromosomes and the Z sex chromosomes by karyotype analysis of conventionally Giemsastained metaphase spreads. While wild-type DT40 cells exhibited very few chromosomal aberrations, ATM 7/7 DT40 cells displayed a slight but signi®cant increase in the frequencies of spontaneous chromosomal breaks ( Table 1 ), suggesting that chromosomal lesions are responsible for cell death during the cell cycle.
Defective cell cycle checkpoint control in ATM 7/7
DT40 cells
We analysed the ability of ATM 7/7 DT40 cells to arrest their cell cycle in response to DNA damage. Upon g-irradiation, wild-type DT40 cells accumulate in the G 2 /M phase but not in the G 1 phase due to the absence of p53 expression. The results of this analysis showed that ATM 7/7 DT40 cells did not accumulate in the G 2 /M phase following g-irradiation. However, a substantial increase in the sub-G 1 population in irradiated ATM 7/7 DT40 cells which presumably correspond to apoptic cells obscured the interpretation of this analysis ( Figure 4 ). We therefore further assessed the G 2 /M checkpoint by measurement of the accumulating number of cells in mitosis before and at various times after g-irradiation. As shown in Figure 5 , 0.8 Gy g-irradiation of wild-type DT40 cells leads to a temporary hiatus in the accumulation of M phase cells, whereas the number of mitotic ATM-de®cient cells continues to increase regardless. This result con®rmed the results of previous studies of A-T cells (Beamish and Lavin, 1994; Beamish et al., 1996) that ATM de®ciency abrogates the cellular ability to delay cell division after DNA damage, and further indicate that ATM controls G 2 /M cell cycle checkpoint in the absence of p53.
Cells derived from A-T patients have also been known to show radio-resistant DNA synthesis. This A-T phenotype is historically a ®rst cell cycle checkpoint defect reported, and is interpreted as a defect in S phase checkpoint control (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . We observed inhibition of DNA synthesis following X-ray irradiation in the wild-type DT40 cells in repeated experiments (Figure 6 ), consistent with the results of previous studies that p53 alterations do not correlate with radioresistant DNA synthesis in A-T cells (Laderoute, 1996) . However, ATM 7/7 DT40 cells showed less inhibition Figure 2 The growth rates of wild-type and ATM 7/7 DT40 cells. Equivalent numbers of cells (10 000) 
DNA repair defects in ATM
7/7 DT40 cells A major feature of A-T is radiation hypersensitivity (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) .
To analyse the radiosensitivity of ATM 7/7 DT40 cells, we monitored the clonogenic survival after various doses of g-irradiation. The percentage survival was determined relative to colony numbers formed by unirradiated cells (Figure 7 ). The plating eciency of ATM 7/7 and ATM 7/7 cells was indistinguishable from that of wild-type cells (100%). ATM 7/7 DT40 cells were markedly more sensitive to g-irradiation than wild-type, re¯ecting the hypersensitive phenotype of A-T cells and the murine mutants. In contrast, no hypersensitivity to ultraviolet rays was cells at 4 h following irradiation with a dose of 4 Gy g-ray was analysed on FACS. Cells were stained with FITC-anti-BrdU to detect BrdU incorporation (y-axis, log scale) and with propidium iodide to detect total DNA (x-axis, linear scale). The lower-left box identi®es G 1 phase, the upper box identi®es S phase, and the lower-right box identi®es G 2 /M phase cells. A single dose of irradiation was given at time zero. The numbers give on the boxes indicates the percentage of gated events. Please also note a substantial increase in a sub-G 1 population in irradiated ATM 7/7 DT40 cells Cells were treated with colcemid during indicated periods after 2 Gy g-irradiation. At least 100 cells were analysed at each time point observed in ATM-de®cient DT40 cells (data not shown), consistent with previous studies on A-T cells (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . In summary, these and the preceding results show that the disruption of the kinase domain of chicken ATM leads to a phenotype indistinguishable from that of the equivalent mammalian mutants (Barlow et al., 1996; Xu and Baltimore, 1996; Elson et al., 1996) .
The above results clearly show that ATM-de®cient DT40 cells cannot respond properly to double-strand breaks (DSB) induced by g-irradiation. While the checkpoint defects of ATM de®cient cells have been well characterized, there remains the question of a defect in DNA repair itself. The elevated level of radiosensitivity in ATM 7/7 DT40 cells suggested a defect in DSB repair. To assess this repair capacity, we counted the number of chromosomal aberrations during ®rst 3 h after 2 Gy g-irradiation. During this period, the kinetics of entry into the mitotic phase were comparable between wild-type and ATM 7/7 DT40 cells. Thus, we can assess the capability of DSB repair at late S to G 2 phase in ATM 7/7 DT40 cells while excluding the contribution of the G 2 /M checkpoint. As shown in Table 1 , the number of chromosomal aberrations induced by g-irradiation was markedly higher in ATM-de®cient cells than in wild-type cells, and the frequency of both chromatid-type breaks/gaps and chromosome-type breaks/gaps was highly elevated. This observation is in agreement with a previous ®nding that A-T cells show increased chromosome aberrations immediately after ionizing radiation exposure without progression through the cell cycle (Cornforth and Bedford, 1985; Foray et al., 1997) . These results indicate that the loss of ATM in DT40 cells severely aects the cells' ability to repair DSB. Since homologous recombination (HR) rather than nonhomologous end-joining (NHEJ) is preferentially used for DSB repair at late S to G 2 phase in DT40 cells (Weaver, 1995; Takata et al., 1998) , the data suggest a defect in HR for the repair of induced DSB.
To further study possible involvement of ATM in HR, we measured targeted integration frequencies in wild-type and ATM 7/7 DT40 cells. Cells were transfected with four dierent targeting constructs (designed to target the chicken c-abl, ovalbumin, Xrcc2 and Atr loci), minimizing possible variations in Figure 5 Defective mitotic delay in ATM 7/7 DT40 cells. Wildtype and ATM 7/7 DT40 cells were untreated (circular) or treated with 0.8 Gy g-irradiation (triangle), and were cultured with colcemid for indicated times. Cells were ®xed, stained, and examined on microscopy to determine the fraction of cells in mitosis. Similar results were obtained in two consecutive experiments triangle) compared to non-treated controls of the same genotype are shown on the y-axis on a logarithmic scale. Each value represents mean (n=3). Similar results were obtained in two consecutive experiments targeted integration frequencies due to the nature of dierent chicken genetic loci. As shown in Table 2 , the ratios of targeted to random integration events were consistently lower in ATM 7/7 cells than in wild-type cells. Since transfection eciencies were constant (data not shown), these results indicate that, while HR is not grossly impaired in ATM-de®cient DT40 cells, it is less ecient than in wild-type cells.
Discussion
To de®ne the physiological roles of ATM at the cellular level, we created an isogenic set of ATM mutant clones (Figure 1 ) from the chicken B cell line DT40. The remarkably stable phenotype of DT40 cells enabled us to compare quantitatively the phenotypes of ATM mutant DT40 clones. Furthermore, DT40 cells do not express p53 (Figure 3) as most of transformed chicken cell lines. Since p53 is one of most important ATM targets involved in cell cycle checkpoint control, apoptosis and DNA repair, these p53-null stable ATM mutant DT40 clones provide the opportunity to study what functions of ATM are dependent or independent of p53.
Cells derived from A-T patients have been reported to grow more slowly than normal cells and undergo premature senescence (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . More recent works on cells derived from ATM knockout mice con®rmed these ®ndings and further showed that this impaired proliferation of ATM de®cient cells is due to inecient G 1 /S progression and is p53 dependent, since cells derived from ATM/p53 double knockout mice grow more rapidly than ATM 7/7 cells (Westphal et al., 1997; Xu et al., 1998) . We found that ATM 7/7 DT40 cells proliferated slightly more slowly that wild-type cells (Figure 2 ), though these DT40 cells do not express p53 (Figure 3) . This indicates that a p53-dependent G 1 /S progression defect caused by ATM de®ciency cannot explain all of impaired growth phenotypes observed in ATM de®cient cells. Since increased levels of apoptic cells (data not shown) and of spontaneous chromosomal breaks (Table 1) were observed in ATM 7/7 DT40 cells, it is likely that the slight proliferation impairment observed in ATM 7/7 DT40 cells is due to their inability to repair DSB generated during normal cell cycle progression.
Previous studies on cells derived from A-T patients showed that ATM de®cient cells have multiple defects in cell cycle checkpoint control (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . It is now well established that, following DNA damage, ATM directly activates p53 through phosphorylation (Banin et al., 1998; Canman et al., 1998) and activated p53 plays an essential role in G 1 /S cell cycle arrest through the activation of the p21/WAF1 gene (Ko and Prives, 1996) . However, the results of several recent studies suggested that p53 also plays some roles in G 2 /M checkpoint control (Agarwal et al., 1995; Cross et al., 1995; Hermeking et al., 1997) . It is therefore possible that the observed G 2 /M checkpoint defect in ATM de®cient cells is partially dependent of p53. We showed that, while wild-type DT40 cells accumulated in G 2 /M phase but not in G 1 phase following ionizingirradiation, ATM 7/7 DT40 cells accumulated neither in G 1 phase nor G 2 /M (Figures 4 and 5) . Since these DT40 cells do not express p53 (Figure 3) , the results presented in this study indicate that ATM plays an important and p53-independent role in G 2 /M checkpoint control. The results of recent studies have indeed implicated a role of ATM in the activation of Chk1 and Chk2 which play an important role in G 2 /M checkpoint control (Sanchez et al., 1997; Matsuoka et al., 1998) . ATM also plays a essential role in S phase checkpoint control, since A-T cells have been known to show radio-resistant DNA synthesis (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . We found that the ATM de®cient DT40 cells also showed a radioresistant DNA synthesis phenotype (Figure 6 ), indicating a p53-independent ATM role in S phase checkpoint control. However, ATM 7/7 DT40 cells are not sensitive to hydroxyurea (data not shown), indicating that ATM is dispensable for S/M checkpoint control. Presumably, ATR, most homologous to ATM among family members, plays a critical role in S/M checkpoint control, as cells expressing a dominant-negative form of ATR have been shown to be sensitive to hydroxyurea (Cliby et al., 1998) .
Cells derived from A-T patients and ATM knockout mice are sensitive to ionizing-irradiation, but not to UV-irradiation (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . We con®rmed these ATM defects using an isogenic set of stable DT40 cell lines diering only in their ATM status (Figure 6 ). Furthermore, ATM 7/7 DT40 cells displayed highly elevated frequencies of ionizing-irradiation induced chromosomal aberrations (Table 1) . These indicate that ATM is involved in the repair of DSB. Similar phenotypes have been reported also in RAD51 7/7 and RAD54 7/7 (Bezzubova et al., 1997) DT40 cells which are defective in HR DNA repair. These results raised the possibility of a role for ATM in HR DNA repair. Previous studies on nonisogenic cells from A-T patients also showed the presence of defects in processing of DSB, though there have been some disagreements in the nature and degree of these defects (Meyn, 1995; Shiloh, 1997; Lavin and Shiloh, 1997) . To study further possible roles of ATM in HR DNA repair, we measured targeted integration frequencies (Table 2 ). The results of these analysis showed that there is a slight but signi®cant reduction in these measurements in ATM 7/7 DT40 cell. These results therefore further support an idea that ATM plays some roles in HR DNA repair capacity, in addition to its established role in cell cycle checkpoint control (Taylor et al., 1976; Foray et al., 1997; Jeggo et al., 1998) . However, it is dicult at the present time to exclude completely the phenotypic eects of the cell cycle defects, and the absence of p53 as well as ATM Values shown are the percentage of clones containing homologously integrated targeting construct relative to the total number of drugresistant clones analysed; absolute numbers are given in parentheses may make these ATM 7/7 DT40 cells a useful tool for further studying this element of ATM.
Materials and methods
Targeting vectors
A partial chicken ATM cDNA was obtained by degenerate RT ± PCR using adult chicken testis as a source of mRNA. Using this cDNA fragment as a probe, the kinase regions of chicken cDNA and genomic DNA were isolated from a chicken cDNA library derived from adult testis (made using lZAP-cDNA synthesis kit (Stratagene) according to the manufacturer's speci®cations) and from a genomic DNA library (male Leghorn liver genomic DNA library (Clontech)), respectively. The chicken ATM disruption constructs, pATM-neo and pATM-puro (Figure 1a) , were made by replacing about 2kb BamHI-XhoI genomic sequence of chicken ATM kinase region with neomycin or puromycin resistance gene cassettes under the control of the b-actin promoter. Targeting vectors for the chicken c-abl, ovalbumin, Xrcc2 and Atr loci will be described elsewhere.
Gene targeting and cell culture DT40 cells were maintained in RPMI1640 medium supplemented with 2 mM L-glutamin, 10 75 M b-mercaptoethanol, penicillin/streptomycin, 10% foetal bovine serum and 1% chicken serum (Sigma) at 39.58C in a humidi®ed 95% air/5% CO 2 atmosphere. Electroporation of targeting vectors and antibiotic selection conditions were as previously described .
RT ± PCR
Total RNA was isolated by acid guanidinium thiocyanatephenol-chloroform extraction. Three mg of total RNA was reverse-transcribed into cDNA using the RT ± PCR kit (Stratagene). The sequences of the primers used were as follows: ATM primers (the position of these primers are indicated in Figure 1a) , 5'-GTGGATCCCACAGGAAGA-TA-3' and 5'-GTCAGCTTCATCCTCTGGTC-3'; b-actin primers (Kost et al., 1983) , 5'-GGTGAAGGTGTCAGCAG-CAG-3' and 5'-GGCCAAGCAGCGCAGCACAG-3'; p53 primers (Soussi et al., 1988) , 5'-TCCCATCCACGGAGGAT-TAT-3' and 5'-AGAATATCTCATTGTCGGGG-3'.
Proliferation analysis and colony survival assay
For cell proliferation analysis, 1610 5 cells were seeded into 35 mm dishes and grown in 1 ml of culture medium. Cell viability was evaluated by trypan blue (Gibco ± BRL) exclusion and the number of viable cells was determined at 12 h intervals using a hemacytometer. The ability of cells to survive g-irradiation was examined by their colony-forming ability in methylcellulose-containing medium 7 ± 10 days after irradiation with 137 Cs (Gammacell 40, Atomic Energy of Canada Limited Industrial Products, Ontario, Canada) .
Assessment of cell cycle checkpoint functions
For cell cycle distribution analysis, cells were labelled for 10 min with 20 mM 5-Bromo-2'-deoxy-uridine (BrdU) (Amersham), ®xed at 48C with 70% ethanol, and treated with 4 N HCl containing 0.5% Triton X-100 for 30 min. Subsequently, cells were incubated with FITC-conjugated anti-BrdU antibody (Phamingen), followed by staining with propidium iodide (5 mg/ml) overnight. The stained cells were analysed with a FACscan (Becton-Dickinson) using a Cell Quest software. The extent of radiation-induced mitotic delay was determined by measuring mitotic indices following incubation of cells with colcemid for indicated time periods after girradiation. In brief, cells were cultured in medium containing 0.1 mg/ml colcemid (Gibco ± BRL) after irradiation, and collected at 1 h intervals. The corrected cells were treated in 0.9% sodium citrate, ®xed in metanol/acetic acid (3 : 1), and stained with Giemsa. The percentage of mitotic cells (mitotic index) was determined from counts of at least 200 cells. DNA synthesis following irradiation was determined using the BrdU labelling and detection kit III (Boehringer Mannheim).
Karyotype analysis
For karyotype analysis, colcemid (Gibco ± BRL) was added to the culture medium to a concentration of 0.1 mg/ml for 3 h, after which cells were prepared, ®xed on glass slides and stained as described . Scoring of chromosomal aberrations was according to the recognized criteria (ISCN1985, 1985 .
Measurements of targeted integration frequencies
Targeting with various constructs as shown in Table 2 and subsequent analysis of drug-resistant clones were done as described previously . Targeted integration was distinguished from random integration by genomic Southern blot analysis using appropriate probes anking the targeting constructs.
